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(57) ABSTRACT 

A computer-implemented method of generating, With 
respect to a surface, a model-speci?c, computationally effi 
cient representation of a data set pertaining to a property of 
the surface. In one embodiment, the data set is mapped With 
an index function to create mapped data points; the mapped 
data points are grouped based on a value of the index 
function for each of the mapped data points; using a selec 
tion function, mapped points are selected, for each group, for 
inclusion in a ?nal representation; and a ?nal representation 
of the data set is generated using, for each mapped point in 
each group Which is selected for inclusion, a corresponding 
original data point. The method is capable of generating a 
variable resolution model by using a physics-based or 
model-speci?c index function to indicate the impact of data 
on a model. The method may be used to generate TIN 
models used in areas such as hydrology or geomorphology 
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METHOD FOR PRODUCING 
PROPERTY-PRESERVING VARIABLE 
RESOLUTION MODELS OF SURFACES 

RELATED APPLICATION 

[0001] This application claims the bene?t under 35 U.S.C. 
§ 119(e) of US. Provisional Application No. 60/465,931 
?led Apr. 28, 2003, entitled “METHOD FOR PRODUCING 
PROPERTY-PRESERVING VARIABLE RESOLUTION 
MODELS OF SURFACES,” by Rafael L. Bras, et al.(At 
torney’s Docket Number M00635.70080). The entirety of 
the aforementioned application is hereby incorporated by 
reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to the ?eld of modeling 
properties of surfaces, for diverse applications such as, but 
not limited to, modeling hydrological and geomorphic prop 
erties of the earth’s surface and other applications using 
?nite element mesh surface models. 

BACKGROUND 

[0003] In various ?elds, such as hydrology and geomor 
phology, studies of the properties of a surface, such as its 
response to rainfall, require representational models Which 
ef?ciently describe surface elevation and relate appropriate 
factors to the elevation contour. The representational models 
are often incorporated into geographical information sys 
tems (GIS) Which are used to analyZe and make predictions 
about various surface factors. One type of model for such 
surface studies is referred as a ?nite element mesh 

[0004] Finite element mesh (FEM) models are used in a 
number of ?elds and in a variety of Ways. Examples of such 
uses include data models Where data is mapped as a function 
of x-y (or x-y-Z) coordinates in a (tWo- or three-dimensional) 
grid, such as in cartography, geology, hydrology, mineral 
ogy, and meteorology, and also applications such as struc 
tural mechanics, engineering design, and ?uid mechanics. In 
earth sciences, these applications are useful for predicting 
?oods, landslides, river dynamics, or erosion, as Well as for 
geological surveying and prospecting for oil or mineral 
deposits. For example, in hydrology, the data may be high 
resolution topographic data obtained from land surveying, 
aerial photography, or synthetic aperture radar. Indeed, FEM 
models have uses in almost every scienti?c and engineering 
?eld, or in any ?eld Where multidimensional data is used for 
analysis or modeling. 

[0005] Many examples of FEM models exist. The most 
straightforWard method of forming a FEM model is simply 
to represent the surface or structure being modeled With a 
grid or matrix of data points in tWo or three dimensions. The 
value at any coordinate in the grid or matrix represents a 
value of the property to represented for a corresponding 
point on or in the system, device, or apparatus to be 
modeled. For example, in the case of a digital elevation 
model, the value at a designated point in a tWo-dimensional 
grid might represent the elevation at a corresponding loca 
tion in an area of the Earth’s surface to be modeled. In 
another example, the value at any point in a tWo-dimensional 
grid may represent an emission or absorption coefficient for 
electromagnetic Waves of a speci?c frequency in a material 
or area to be modeled, to determine information about stress, 
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structural defects, or the composition of the material or area. 
The resolution of the FEM model is determined by the 
spacing and number of points in the FEM, Which ideally 
re?ects the resolution of the data to be used. HoWever, for 
many applications this method proves unWieldy in both the 
storage space and computational time required When per 
forming operations on the data set. For example, FIG. 1 
shoWs a digital elevation map data representation of the 
Mississippi River basin 101, Which covers an area of 
approximately 3,196,675 square kilometers, obtained from 
the North American HYDROlK database at a resolution of 
1 kilometer. A digital elevation map (DEM) represents an 
area on a surface With a grid of points Wherein the value of 
each DEM point represents the elevation of a corresponding 
location on the land area being studied The DEM model of 
FIG. 1 contains approximately 3,200,000 elevation points. 
LikeWise, smaller regions having higher resolution data 
present the same problem. Thus, for many applications 
Which require rapid or real-time predictive poWer, the large 
amounts of data associated With such a simple and direct 
method of forming FEM models are computationally infea 
sible or expensive. Conventionally, high-resolution grids 
require some manner of data reduction to obtain reasonable 
computational performance. Typically, for DEMs, such a 
reduction is achieved through pixel aggregation at the 
expense of resolution. Such tradeoffs are necessary, as it has 
been shoWn in some cases that a linear reduction in the grid 
cell siZe of a model results in an exponential increase in 
computational time for certain models. Additionally, this 
raster method of representing data is not Well suited to data 
Which is not acquired in a uniform manner. For instance, in 
geophysical applications, data is often obtained by scanning 
in raster-like lines, Where the resolution along a line is four 
to ?ve times higher than the resolution across lines. Using 
previously knoWn techniques such as minimum curvature 
gridding, adjustments may be made for the inconsistency in 
resolution, but such techniques also result in the loss of 
resolution along the scan lines. For many geophysical, 
hydrological, and meteorological applications, such a loss of 
resolution due to data aggregation and raster effects is an 
important source of error When modeling. Such representa 
tion problems groW With the spatial scale of the data and the 
models Which are based on them. 

[0006] Another group of FEMs, Which offer an advantage 
over raster grids, are Triangular Irregular NetWorks (TINs). 
TINs are FEMs in Which regularly or irregularly spaced 
points are used to construct an array of adjacent, non 
overlapping triangles. 
[0007] Many techniques are knoWn in the art for con 
structing a TIN mesh from grid data. For instance, one 
method of forming TINs, knoWn as Delaunay triangulation, 
Which results in a nearly unique and optimal triangulation, 
ensures that a circle passing through three points on any 
triangle contains no additional points. In the prior art, 
essential topographic information is preserved by selectively 
sampling elevation points in a DEM for inclusion in a TIN 
based on some criteria. Various methods exist for selecting 
critical points from dense DEMs. TWo such methods include 
the very important point (VIP) and the drop heuristic (DH) 
methods. The VIP method is a local procedure that deter 
mines the signi?cance of a point relative to a 3x3 ?lter of 
points by comparing the actual elevation at that point to the 
elevation interpolated from the four transects of the 3x3 
?lter. In the VIP method, a percentage is speci?ed Which 
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determines the ratio of the number of remaining nodes in the 
TIN to the number of original points in the DEM. The DH 
method is a global procedure that successively removes 
DEM points While maintaining the surface of the resulting 
TIN Within an elevation tolerance of the original data, Where 
the elevation tolerance is speci?ed and determines the 
number of remaining nodes. FIG. 2 shoWs an USGS 30 
meter resolution DEM representing an area Within 
Peacheater Creek Basin, Okla. FIG. 3 shoWs a TIN of the 
same area Within the Peacheater Creek Basin generated 
using the VIP method of selecting points (With 16% of points 
retained). FIG. 4 shoWs another TIN of the same area 
generated using the DH method (With a speci?ed elevation 
tolerance of 8 meters). Typically, the DH approach exhibits 
loWer root mean square errors, and thus is used in embodi 
ments of the invention. HoWever, it Will be understood by 
those skilled in the art that the VIP method or any other 
suitable selection method may be used in the present inven 
tion. 

[0008] Whereas typical grid representations are bound to 
a single resolution, TIN models are inherently multi-reso 
lution, and are capable of resolving ?ner regions and abrupt 
changes. The resulting TINs normally have higher resolution 
in rugged areas, Where elevation is more variable, and loWer 
resolution in ?at areas. Thus, to some eXtent, TINs can 
reduce the number of computational nodes required in a 
model, While still preserving the properties of the model. 
HoWever, the predictive poWer of a TIN based model still 
suffers from memory and computational constraints 
imposed by large amounts of data. Thus, TINs are Well 
suited to handling irregularly spaced data, but the constraints 
of memory space and computational speed still often require 
the sacri?ce of some data. Conventionally, this sacri?ce in 
resolution still introduces error into computational models. 

[0009] What is needed is a method of ef?ciently constrain 
ing the data representation used in models for applications 
such as hydrology Which substantially preserves the infor 
mation needed to make accurate analysis and predictions. 

SUMMARY OF THE INVENTION 

[0010] According to one aspect of the invention, a com 
puter-implemented method of generating a model-speci?c, 
computationally efficient representation of a data set com 
prising an array of original data points comprises: mapping 
the data set With an indeX function to create mapped data 
points; grouping the mapped data points into groups based 
on a value of the indeX function for each of the mapped data 
points; using a selection function, selecting, for each group, 
mapped points for inclusion in a ?nal representation; and 
generating a ?nal representation of the data set using, for 
each mapped point in each group Which is selected for 
inclusion, a corresponding original data point. 

[0011] According to another aspect of the invention, a 
computer-implemented method of generating a ?nite-ele 
ment mesh incorporating model-speci?c response to pro 
duce variable resolution in the mesh comprises: assigning an 
indeX value to each of a group of original elements based on 
an indeX function providing a heuristic measure of impact on 
a model to produce an indeXed element for each original 
element; grouping the indeXed elements into at least tWo 
groups based on the indeX value of each element; selecting 
a subset of indeXed elements from each of the groups based 
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on a selection function; creating a ?nite-element mesh for 
each of the groups using the corresponding original elements 
of each of the subset of indeXed elements selected by the 
selection function; and combining the ?nite-element mesh 
from each of the groups into a ?nal ?nite-element mesh. 

[0012] According to yet another aspect of the invention, a 
computer-implemented method of processing an original 
data set using variable resolution ?lters, the method com 
prising: using a ranking function, generating a ranked data 
set from the original data set; binning a plurality of ranked 
data points from the ranked data set into at least one bin 
based on a ranking value of each of the ranked data points; 
selecting a group of ranked points from each at least one bin 
according to a selection function based on a rank value of 
each of the ranked points; creating a data structure for each 
at least one bin by selecting, for each ranked point from the 
group of ranked points selected from that bin, a correspond 
ing point from the original data set; and incorporating the 
data structure from each at least one bin into a ?nal data 
structure. 

[0013] According to yet another aspect of the invention, a 
computer-implemented method for generating a physically 
constrained ?nite-element terrain representation comprises: 
measuring a set of terrain characteristics for a group of 
points inside a land area using available digital elevation 
data; storing the set of terrain characteristics for the group of 
points in a computer readable medium; using an indeX 
function Which is a function of the set of terrain character 
istics, assigning to each point of the group of points an indeX 
value; binning the points into at least tWo bins based on the 
indeX value of each point; using a selection function, select 
ing a set of points from each of at least tWo of the bins; 
generating a ?nite-element mesh using each selected set of 
points; and storing the ?nite-element mesh in a computer 
memory. 

BRIEF DESCRIPTION OF THE FIGURES 

[0014] FIG. 1 is a DEM of the continental-scale Missis 
sippi River basin depicting an 3,196,675 square kilometer 
area, at a resolution of 1 km, obtained from the HYDROlK 
database. 

[0015] FIG. 2 is a 30-meter resolution DEM of an area in 
the Peacheater Creek basin in Oklahoma, obtained from the 
USGS (United States Geographical Survey). 

[0016] FIG. 3 is a TIN of the DEM shoWn in FIG. 2 
generated using the VIP method. 

[0017] FIG. 4 is a TIN of the DEM shoWn in FIG. 2 
generated using the DH method. 

[0018] FIG. 5 is a How chart illustrating a method accord 
ing to the present invention. 

[0019] FIG. 6 is a map of the spatial distribution of the 
saturation runoff indeX of the Baron Fork Watershed from a 
30-meter USGS DEM. 

[0020] FIG. 7 is a graph of the probability distribution of 
the runoff indeX values for the region shoWn in FIG. 6. 

[0021] FIG. 8 is a map of the spatial distribution of an 
erosion indeX of the OWl Creek basin from a 30-meter USGS 
DEM. 
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[0022] FIG. 9 is a graph of the probability distribution of 
the erosion index values for the region shoWn in FIG. 8. 

[0023] FIG. 10 is a map of the spatial distribution of the 
shallow landslide index of the Tolt River basin from a 
26-meter SRTM (Shuttle Radar Topography Mission) DEM. 

[0024] FIG. 11 is a graph of the probability distribution of 
the shalloW landslide index values for the region shoWn in 
FIG. 10. 

[0025] FIG. 12 is a graph of a functional relationship 
betWeen the mean separation do of a group of points and the 
index value of those points. 

[0026] FIG. 13 is another graph of a functional relation 
ship betWeen do and index value. 

[0027] FIG. 14 is another graph of a functional relation 
ship betWeen do and index value. 

[0028] FIG. 15 is an example of a TIN generated accord 
ing to the present invention. 

[0029] FIG. 16 is a portion of a hydrologically con 
strained TIN of the Mississippi River Basin depicting area 
102 of FIG. 1. 

[0030] FIG. 17 is a comparison of the elevation frequency 
PDFs for the Mississippi River basin using the HYDROlK 
DEM (1 km resolution) shoWn in FIG. 1, the hydrologic 
similarity TIN model of FIG. 16, and a DEM aggregation 
(5.65 km resolution) having a comparable data reduction 
factor. 

[0031] FIG. 18 is a comparison of the topographic index 
frequency PDFs for the Mississippi River basin using the 
HYDROlK DEM (1 km resolution) shoWn in FIG. 1, the 
hydrologic similarity TIN model of FIG. 16, and a DEM 
aggregation (5.65 km resolution) having a comparable data 
reduction factor. 

DETAILED DESCRIPTION 

[0032] For ease of discussion and exposition in this appli 
cation, the ?eld of hydrology Will be used to provide a 
demonstrative example of one application of the invention, 
and various aspects and embodiments of the invention Will 
be discussed in this context. HoWever, as discussed, the 
present invention may be applied in any ?eld in Which ?nite 
element modeling and/or TINs, in particular, are used, and 
Where the computational ef?ciency and predictive poWer of 
models are considerations. 

[0033] As stated, it is frequently useful in hydrology to use 
topographical or surface data to study or attempt to predict 
the hydrological characteristics of an area, such as saturation 
characteristics, erosion patterns, landslide haZards, etc. This 
data is usually supplied in the form of raster data or a DEM. 
This data could be obtained from satellite measurements, 
measurements made aboard the space shuttle or Interna 
tional Space Station, airborne measurements, ground mea 
surements such as surveys, etc. The measurements could be 
made With any of various forms of radar. For instance, the 
measurements might be made using synthetic aperture radar. 
The measurements might also be made using laser position 
ing, GPS data, sonar, or any other suitable method. The data 
can be recorded, stored, and analyZed in the same system 
Which takes the measurement; conversely, each stage in the 
process of measuring, recording, and analyZing the data 
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points may occur in a different system, With data transfers 
taking place betWeen each step. For example, measurements 
may be done using airborne synthetic aperture radar and 
transferred via a digital or analog communications channel 
to a separate computer system for analysis. In another 
example, the measurements may be performed on the 
ground by multiple agents, and the measurements may be 
transmitted via a communication channel for assembly and 
analysis. 

[0034] Once this DEM data has been obtained, it may be 
analyZed by the same device that took the measurements, or, 
more typically, be transferred to one or more other comput 

ers for analysis. Such computers may include, for example, 
main frame computers, personal computers, distributed 
computing netWorks, embedded processing devices, laptops, 
handheld computers, PDAs, and other computing devices. 
One skilled in the art Will appreciate that any of the 
foregoing or a variety of other methods of obtaining and 
analyZing data are suitable for use of With the present 
invention. 

[0035] FIG. 5 illustrates graphically, using a How chart, 
the general process of producing a hydrologically-con 
strained triangular irregular netWork. 

[0036] After obtaining the DEM points through measure 
ment and transferring them to the system on Which analysis 
Will take place (act 501, Which is outside the scope of the 
invention), each point is mapped to a corresponding index 
value based on a particular “index function”. In this context, 
the index function may be a topographic distribution func 
tion. As shoWn in act 502, after obtaining the data to be 
analyZed (act 501), an index function is chosen. The index 
function is a function of the properties of a point and/or the 
properties of neighboring points and in general is based on 
the physics involved in a particular process being modeled. 
The value of an index function at a point describes the 
characteristics or properties of that point With respect to a 
particular model. These characteristics or properties may, for 
example, describe a response to a stimulus, Whether it be an 
impulse or steady state response. For example, in the ?eld of 
hydrology, topographic distribution functions have been 
used to classify local hydrologic similarity. Preferably, the 
value of an index function at a point is related to the 
signi?cance of that point in a particular model, that is, the 
probability of the data point affecting the behavior of a given 
model; thus, index functions are preferably selected based 
on their ability to predict the impact of the data from a point 
or group of points on the predictive accuracy or behavior of 
the resulting model. The index function used Will depend on 
the type of model being produced. For a given dynamic 
property or group of properties in a system that is to be 
modeled, one or more corresponding index functions may be 
selected. These functions may be empirical or derived from 
properties of a given process or system being modeled. 
There may exist a library of such index functions on the 
computer system performing the analysis and generation of 
the constrained FEM. It may be desirable to assign multiple 
index values to each data point based on different index 
functions. These multiple index values may be combined 
With an adjustable parameter so that a particular model may 
make use of a combination of different response character 
istics in order to tune it for a particular application. 










